Experiments using Ion Cyclotron Current Drive (ICCD) to control sawteeth are presented. In particular, discharges demonstrating shortening of fast ion induced long sawteeth reported in [L.-G. Eriksson et al., Physical Review Letters 92, 235004 (2004)] by ICCD have been analysed in detail. Numerical simulations of the ICCD driven currents are shown to be consistent with the experimental observations. They support the hypothesis that an increase of the magnetic shear, due to the driven current, at the surface where the safety factor is unity was the critical factor for the shortening of the sawteeth. In view of the potential utility of ICCD, the mechanisms for the current drive have been further investigated experimentally. This includes the influence of the averaged energy of the resonating ions carrying the current and the spectrum of the launched waves. The results of these experiments are discussed in the light of theoretical considerations.
INTRODUCTION
The presence of fast alpha particles in a reactor has the potential to induce long sawtooth periods, and the associated crashes could have undesirable effects. For instance, there is strong evidence that crashes of fast ion induced long sawteeth can provide seed islands for Neoclassical Tearing Modes (NTMs) [1, 2] . It is therefore desirable to have a capacity to shorten such sawtooth periods.
One possibility is to drive a localised current to increase the shear, s 1 , at the q = 1 surface [3] (q is the safety factor, and the magnetic shear is given by s = (r/q) dq/dr). Localised currents can be driven by several methods, including Electron Cyclotron Current Drive (ECCD) and Ion Cyclotron Current Drive (ICCD). In the present paper we focus on the latter and its ability to control sawteeth.
In particular, we report on experiments carried out on JET (Joint European Torus) using ICCD and their analysis, including numerical simulations of the driven currents.
The influence of ICCD on sawteeth was demonstrated in the early nineties on JET [4, 5] . More recent results from JET on this subject can be found in Refs. [6, 7] . Two ICCD scenarios have been tested: (i) Minority ICCD (MiCCD) [4, 5, 7] , where a minority ion species resonates with the waves at its fundamental cyclotron frequency, absorbing the Ion Cyclotron Resonance Frequency (ICRF) power and carrying the fast ion current; (ii) second harmonic ICCD, where a species (not necessarily minority) resonates at its second harmonic cyclotron frequency, ci ω ω 2 ≈ , with the ICRF waves [4, 6] . An extensive investigation of second harmonic ICCD and its effect on sawteeth, including modelling, was presented in [6] . Sawteeth have also be influenced by local heating and current drive due to Electron Cyclotron Current Drive (ECCD). Many important issues on ECCD and sawteeth, with relevance for the discussion in the present paper, can be found Ref. [8] In the experiments of the references above, sawteeth in plasmas without any significant fast ion pressure inside the q = 1 surface were affected by the application of ICCD. However, experimental evidence that fast ion induced long sawteeth could be controlled by a local current perturbation near the q = 1 surface was lacking until recently. In fact, it is not immediately obvious that a change in s 1 should have the same effect on fast ion induced long sawteeth as on normal ones. If one looks at the model presented in Ref. [3] , it is clear that s 1 has an effect on several quantities, and that there is a significant difference if the sawteeth are strongly stabilised by fast ions. On the other hand, the model indicates that increasing s 1 should have a destabilising effect also on fast ion induced long sawteeth. To obtain experimental evidence in support of this important conclusion, a number of experiments were carried out on JET [9] , which demonstrated that ICCD indeed could be used to shorten the period of fast ion induced long sawteeth. In the present paper we analyse these discharges in more detail, the results are consistent with the shear at the q = 1 surface being a critical factor for the observed shortening of the sawtooth period. The discharges were heated by ICRF alone and had a total heating power of 6MW (3MW for central heating and 3MW for off-axis ICCD). The maximum normalised beta in the discharges was around 0.9 and not high enough for NTMs to be triggered by the long sawteeth.
A more detailed analysis of the discharges reported in Ref. [9] is needed since it is not only the fast ion driven current that is affected by the application of ICCD, but also the pressure of the fast ions.
Consequently, it is important to verify that it was not a change in the latter that was the main effect in the shortening of the sawtooth period. In fact, it is very important to provide strong evidence that it is the local current perturbation that is the crucial factor since it generalises the result to any method, like
Electron Cyclotron Current Drive (ECCD), capable of driving a local current. Moreover, in the more recent experiments with ICCD control of normal sawteeth [7] as well as in the case for fast ion induced long ones [9] , destabilisation was obtained by using ICCD with a hydrogen minority resonance on the high field side of the magnetic axis and counter current propagating waves. This result is different from the one reported in the early nineties [4, 5] , where co-current propagating waves were found to be destabilising in such cases. In order to investigate if possible differences in the power per resonating ions (P ICRF /n min ) and the spectrum of the launched waves could explain this difference, a number of experiments were carried out, which are presented in the present paper.
For the analysis of the effect of ICCD on sawteeth, it is crucial to have a detailed understanding of the mechanisms responsible for producing the driven current and their effect on the shear profile. The basic ideas for the classical picture of ICCD were outlined in paper by Fisch [10] . The classical mechanism relies on driving a current by creating an asymmetry in the distribution of the passing resonating ions. This is possible in the presence of directed waves (propagation predominantly in one toroidal direction) despite the fact that the resonating ions are accelerated mainly in the perpendicular direction. The velocity dependence of the collisional pitch angle scattering is a crucial factor in the process (a more detailed account will be given later). Since the mechanism relies on having a large fraction of passing ions driving the current, it is important that the fast ions are not too energetic, the ideal is to have an effective tail temperature of the resonating ions around the critical energy (the energy where collisions with the ions and the electrons are equally strong [11] ). Consequently, the power per particle must be kept at an appropriate level to be close to the optimum, this is the reason why we performed an experimental investigation of the influence of P ICRF /n min mentioned above. On the other hand, in most cases with ICCD in JET, the averaged energy of the fast ion tail exceeds the critical energy. In this case, additional current drive mechanisms become prominent, which was first pointed out in Ref. [12] . There are two main effects that influence the driven current: finite orbit width effects and spatial transport of the resonating ions in the presence of directed waves. The effect of the latter on the resonating ions has been well established [13] [14] [15] . In fact it turns out, that the effects of the finite orbit width and wave induced spatial diffusion tend to dominate the driven current even for rather modest power levels [12] . In order to quantify the effect of the driven current, it is therefore necessary to carry out rather comprehensive calculations. In the present paper we have used the SELFO code [16, 17] to simulate the driven currents and their effect on the shear near the q = 1
surface. It combines a full wave code and a Monte Carlo code solving an orbit averaged FokkerPlanck equation for the resonating ions. The latter includes both finite orbit width effects and wave induced spatial transport. The results of the simulations are found to be consistent with the recent experimental observations.
DEMONSTRATION OF CONTROL OF FAST ION INDUCED LONG SAWTEETH
In order to provide evidence for the effectiveness of an increased s 1 to shorten the period of fast ion induced long sawteeth, JET experiments were carried out where fast ion induced long sawteeth were created by application of ICRF power with a central resonance while the local current perturbation was assured by ICCD. It was necessary to use ICCD since it is the only method capable of effectively create a local current perturbation on JET. Consequently, the available ICRF power on JET had to be split between the two different tasks.
The JET ICRF antennas have four current carrying straps, and by having +90 o /-90 o relative phasing of the current in adjacent straps predominantly co-/counter-current propagating waves are launched. This is illustrated in Fig. 1 , and a typical toroidal mode number spectrum for +90 o phasing is shown in Fig. 2 . The heating scheme used for creating fast ion induced long sawteeth was hydrogen minority heating in a deuterium plasma, (H)D, and the fundamental hydrogen cyclotron resonance was placed centrally. Owing to the peaking of the fast ion pressure associated with wave-induced transport for co-current propagating waves [13, 14] , +90 o phasing was used for this purpose. This made best use of the available power for creating fast ion induced long sawteeth in terms of creating a high fast ion pressure inside the q = 1 surface. The hydrogen concentration, n H / (n H + n D ), was kept at a moderate level of 5%, again with the aim of creating a high fast ion pressure inside the q = 1 surface. There were several possibilities regarding the type of ICCD to use. It could have been possible to use 3 He minority heating for the ICCD. However, in view of the leading term in the bulk plasma drag current [5] and the fact the effective charge, Z eff , in JET plasmas often is close to two, the total driven current, j CD = j fast [1-Z min 
, would have been small and its sign difficult to predict due to experimental uncertainties ( fast j is the current carried by the resonating ions, G depends on the inverse aspect ratio and corrects for trapped electrons). Moreover, minority ICCD using (H)D with a high field side resonance had previously been found to be very effective for controlling sawteeth without a significant central fast ion pressure [4, 5, 7] . The more recent experiments had also shown that -90 o minority ICCD was the most effective phasing for shortening the sawteeth [7] . Consequently, (H)D minority ICCD with a hydrogen resonance on the high field side was adopted for the experiments aimed at demonstrating shortening of fast ion induced long sawteeth by ICCD. The fact that hydrogen minority heating was used both for creating long sawteeth and for minority ICCD meant that the concentration of hydrogen, around 5%, had to be lower than optimal for keeping the tail temperature of the fast ions at around the critical energy or below. The plasmas used had a central magnetic field between of 2.6T and 2.79T and a current of 2.6 MA. The ICRF frequencies were 42 MHz for the central ICRF power with +90 o phasing and 47 MHz for the minority ICCD power on the high field side. A magnetic field scan was made to find the optimal distance between the q = 1 surface and the minority cyclotron resonance for shortening the sawteeth, details of these can be found in Ref. [9] . The best result was obtained with a magnetic field of 2.76T in discharge #58934. The positions of the central minority cyclotron resonance and the high field side cyclotron resonance for the minority ICCD is shown in Fig. 3 .
An overview of Pulse No: 58934 is shown in Fig.4 . The ICRF power launched with +90 o phasing was first applied to establish fast ion induced long sawteeth, about 1.75s later -90 o minority ICCD was applied to shorten the sawteeth. The distance between the inversion radius of the sawteeth, which should be close to the q = 1 surface, and the cyclotron resonance appears to have evolved for a while after the application of the minority ICCD. The inversion radius is a difficult to determine with good accuracy during the small sawteeth, and is not shown during that period. However, there are indications it moved closer to the cyclotron resonance. Thus, one can conjecture that when the distance between the q = 1 surface and the resonance became optimal, effective shortening of the fast ion induced long sawteeth took place.
The most likely reason for this is obviously that the current perturbation caused by the minority ICCD increased the shear at the q = 1 surface. However, in order to establish this more firmly, further analysis is needed, which will be the subject of the proceeding sections. As already mentioned, it is important to show as convincingly as possible that it was the shear at the q = 1 surface that was the crucial factor, since this would generalise the result to any method capable of producing a current perturbation of the same order as the ICCD in discharge #58934.
THEORETICAL CONSIDERATIONS
In order to analyse the effect of the ICCD on the sawteeth in more detail, it is useful to discuss a number of points of a more theoretical nature. First a discussion of the triggering of sawteeth is presented, followed by a fairly extensive review of the mechanism behind ICCD and the effect of directed wave spectra on the fast ion population. The effect of an ICCD like current perturbation on the magnetic shear profile will also be discussed.
Sawtooth triggering
In this subsection we will only discuss a few salient features of the sawtooth model of Ref. [3] , and the influence of s 1 in the case of fast ion induced long sawteeth. According to the model in Ref. [3] , when any of three criteria is satisfied a sawtooth crash is triggered. The most important of these for the discussion here, involving both the fast ion pressure and the critical shear, is the third one, which reads:
(a) and (b),
where condition (1b) can be re-written if the analytical dependence of γ η is known. In particular, using available formulations with γ η~s1 , one obtains: 
MECHANISMS ICCD CURRENT DRIVE
The classical mechanism proposed by Fisch [10] for current drive due to resonant wave-particle interactions at cyclotron frequencies relies on two important factors: asymmetries induced by directed wave spectra (i.e. waves propagating preferentially in one toroidal direction) and the velocity dependence of the collisional pitch angle scattering. To understand the basic features of the mechanism we first consider the resonance condition between a wave and the cyclotron motion of resonant particles:
, where n is the harmonic number of the interaction (n = 1 for fundamental, n = 2 for second harmonic etc.). Moreover, assume the small banana width limit and take a case with a directed wave having positive k || (i.e. parallel to the plasma current). Consider particles that resonates on the low field side of the cyclotron resonance, ω > nω ci . In this case particles with a positive parallel velocity interact resonantly with the waves. The cyclotron wave particle interaction mainly leads to an increase in the perpendicular velocity of resonating ions [11] . This is illustrated in Fig.5 , where a passing particle on the low field side of the resonance is accelerated from thermal energies to a higher perpendicular velocity. This leaves a "hole" in the distribution at the particle's initial velocity. Owing to the strong pitch angle scattering at thermal levels, the hole is quickly filled in and an almost isotropic distribution function is restored at thermal energies. Since in reality a large number of particles are accelerated to higher energies, this implies a flow of thermal particles across v || = 0 towards the region v || > 0. On the other hand, at high energies the pitch angle scattering is weak, it decreases as 1/v 3 , and particles accelerated to higher energies will be very weakly scattered. As a result, there will be an excess of passing particles with positive parallel velocities for positive k || on the low field side of the resonance. Thus a fast particle driven current in the direction of the main plasma current arises. Here it should be noted that if the perpendicular energy of the particles is driven too far so that the particles end up in the trapped region, the current drive effect is lost since the distribution is automatically symmetric in the trapped region in the thin banana width limit. The argument given above can be repeated for interactions on the high field side of the exact cyclotron resonance, with the driven fast ion current being in the opposite direction of the main plasma current.
To summarise, for waves propagating in the co-current direction (positive k || ), the ICCD fast ion driven current should have a dipole structure with a positive lobe, with respect to the main plasma current, on the low field side of the exact cyclotron resonance and a negative lobe on the high field side. For waves propagating in the counter-current direction the currents in the two lobes change sign. This is illustrated in the cartoon in Fig.6 , which shows a case of co-current propagating waves and a cyclotron resonance on the high field side of the magnetic axis. As already mentioned, in order to calculate the total driven current the bulk plasma drag current must be taken into account.
For a detailed discussion we refer the reader to Ref. [5] . However, since we only consider experiments with H minority (Z = 1) in the present paper, the total current will always be in the same direction as the fast ion current. Consequently, the total current perturbation shown in Fig.5 should produce a flux surface averaged driven current with the form shown in Fig.6 .
As can be seen from Fig.6 , in the case of a resonating species interacting with co-current propagating waves with an exact cyclotron resonance on the high field side of the magnetic axis, the classical picture produces a positive current perturbation on flux surfaces inside the cyclotron resonance and negative outside. Since a peaking of the current profile generally tends to increase the magnetic shear, one would intuitively think that this should increase the shear near the flux surface that is tangent to the exact cyclotron resonance of the resonating species, i.e. that co-current propagating waves resonating with particles on the high field side of the magnetic axis should destabilise sawteeth if the cyclotron resonance is placed close to the q = 1 surface. The results reported from the early nineties were consistent with this picture [4, 5] . However, the more recent results [7] , including those presented in this paper, indicate that destabilisation (i.e. shorter sawtooth period) is rather obtained with counter current propagating waves for resonances on the high field side of the magnetic axis. On the other hand, the theory described in Ref. [10] does provide a complete description of the current generated by ICCD. It is therefore of interest to investigate the mechanisms for ICCD in detail and more precisely consider the effect of a dipolar current perturbation on the magnetic shear profile.
In fact, the mechanisms behind the fast ion driven currents are more complicated than described above. This was first described in Ref. [12] , where two major effects were discussed: finite orbit width effects and the spatial transport of fast ions in the presence of directed waves. Let us first consider finite orbit width effects. In most cases of ICRF heating in JET, including the conditions of Pulse No: 58934, the fast ions acquire very high velocities and a large fraction of them is trapped. An ion on a trapped orbit always travels in the co-current direction on the outside leg of its orbit and in the counter-current direction on its inside leg. Owing to finite orbit width effects, there is a significant separation of the inner and outer part of the orbit, which produces a dipole current of the type shown in Fig.7 . Moreover, when wide trapped orbits are de-trapped they transform into co, or counter, current passing orbits resembling the outer, or inner, legs of the initial trapped orbits. Thereby the dipole current of trapped ions is transformed into a dipole current of passing ions [11] . For typical JET parameters, the trapped ion current can exceed the one driven by the passing ions [11] .
The currents driven by passing ions are also modified with respect to the classical theory of
Fisch by the spatial transport of the fast ions in the presence of directed waves. When a particle gains energy from the wave its toroidal angular momentum is also changed. An easy way to illustrate this is to use a quantum mechanical argument: a particle absorbing a wave quantum changes its energy and toroidal angular momentum by ω h = ∆E and
, respectively, where N is the toroidal mode number of the wave; or
The toroidal angular momentum for a particle is given by
, where ψ is the poloidal flux (increasing outwards). Consequently, the turning point, located at the poloidal flux
, is displaced across the flux surfaces according to
during wave particle interaction. This shows that a trapped particle interacting with co-/counter-current propagating waves will experience an inward/outward drift of their turning points as they absorb wave energy. Moreover, because the largest change of the particle velocity is in the perpendicular direction during cyclotron interactions, the turning points tend to approach the cyclotron resonance layer ω > nω ci . This is illustrated in Fig.8 , where a H ion is accelerated from 100 keV to 850 keV in the presence of co-and countercurrent propagating waves with |N|=15. The main effect of counter-current propagating waves is to drive the turning points of the trapped ions outwards and almost along the cyclotron resonance ω = nω ci , this decreases the pressure of the fast ions in the more central part of the plasma. In the case of co-current propagating waves the situation is more complex. As the turning points of the trapped ions reach the equatorial plane the particles de-trap into passing orbits [12] . If the ions have sufficiently high energy for the orbit to be in the potato regime [18] , the de-trapping will exclusively produce co-passing orbits. In the case of a cyclotron resonance on the high field side of the magnetic axis they will de-trap into orbits in region VI of the orbit classification diagram of [18] and VIII for low resonances on the low field side of the magnetic axis. Moreover, the fast ion pressure will increase in the central part of the plasma. In view of the fact that propagation in the co-current direction can produce a large number of non-standard orbits in the potato regime, the current driven by the passing ions can be significantly modified as compared to the classical picture [12] . In the sections on simulations, these points are illustrated more graphically.
In order for the classical picture of ICCD to dominate, it is important to have resonant interactions with as many passing particles as possible. This is obviously achieved by using ICCD with a resonance on the high field side of the magnetic axis, which could also be expected to exhibit the greatest difference between the use of co-and counter current propagating waves. Furthermore, the tail temperature of the resonating ions must be kept down to avoid creating too many trapped particles, but at the same time the resonating ions in the tail must be sufficiently energetic for there to be a sufficient difference in the strength of the pitch angle scattering between them and the thermal particles. Consequently, a compromise must be found, this corresponds to a tail temperature of the order of the critical energy [11] . This can be obtained by keeping the power per resonating particle, P ICRF / n min , at a moderate level, i.e. by decreasing the ICRF power or increasing the concentration of the resonant species. However, recent simulations for ITER indicate that in the case of co-current propagating waves, the driven current are still strongly influenced by de-trapping despite a fairly modest rate of P ICRF / n min [26] . Thus, it appears that an accurate modelling of ICCD requires the wave-induced spatial transport of resonating ions is taken into account. In view of the discussion above, it is clear that the situation regarding the theoretically expected currents is more complex than was known in the early nineties, and it is not too surprising that in experiments with fairly low minority concentration one can obtain results that differ strongly from the classical picture.
In order to assess the situation quantitatively, comprehensive simulations are needed, which is the subject of section 5.
MAGNETIC SHEAR PROFILE IN THE PRESENCE OF A DIPOLAR CURRENT PERTURBATION
In the approximation of a large aspect-ratio tokamak with circular flux surfaces, the magnetic shear can be expressed as, (3) where I(r) is the total current flowing inside a flux surface of radiusr and j tot is the total current density. This expression shows that a dipolar current perturbation can produce both an increased and decreased shear at a given position, with a negative current lobe giving rise to an increase of the shear. Figure 9 illustrates this point. However, the situation regarding the shear at the q = 1 surface is a little more complicated since the position of the q = 1 surface shifts as the current perturbation is introduced, see Fig. 9 . For example, let us consider a dipole current perturbation with a negative lobe closest to the magnetic axis (corresponding to counter-current propagating waves and a cyclotron resonance on the high field side in the classical Fisch picture). Furthermore, assume that the current perturbation is initially outside the q = 1 surface and then gradually moves towards the centre (in the case of ICCD by moving the cyclotron resonance position towards the magnetic axis). When the negative current lobe moves past the initial position of the q = 1 surface, this surface is displaced towards the magnetic axis. As a result, the q = 1 surface will overlap with the negative current lobe, which increases the shear at a given radius covered by the lobe, until a significant part of the positive current lobe has moved past the initial position of the q = 1 surface. Moreover, one should note that the critical shear needed to destabilise a sawtooth depends on the radius of the q = 1 [3, 8] .
In the case of ICCD one should also consider the pressure of the fast ions driving the current. When the increased shear region initially coincides with the q = 1 surface, most of the fast ions associated with the ICCD will be outside q = 1 surface, i.e. their contribution to the pressure inside that surface is minimised; a decrease of the radius of the q = 1 surface should also lower the contribution from the fast ions in the centre to fast W δ . These effects taken together means that for a large fraction of the time that the current perturbation moves across the initial position of the q = 1 surface, it should have a destabilising effect on the sawteeth. If we look at the classical picture of ICCD this actually corresponds to counter-current propagating waves for a cyclotron resonance on the high field side of the magnetic axis, which is also the type of waves that have been observed to destabilise sawteeth in more recent JET experiments [7, 9] . If one repeats the argument for a current perturbation with a positive lobe closest to the magnetic axis, one finds that an increased shear at the q = 1 surface should initially have a stabilising effect on sawteeth.
QUESTIONS ARISING
In view of the discussions in the previous paragraphs a number of questions arises. We will outline the most relevant ones here and will try to answer them in the next two sections. On the question of why the more recent JET experiments with ICCD appear to produce destabilisation/stabilisation of sawteeth with waves propagating in the opposite direction to those used in the early nineties, it is relevant to ask if the concentration of resonating ions was different.
In fact, in the demonstration discharge #58934 the hydrogen concentration was about 5%, while it was of the order 10-40% in the early JET experiments [4] . This is potentially an important point since the averaged tail temperature should scale as
, where s t is the electron ion slowing down time. By increasing the minority concentration one should be able to bring the tail temperature closer to the critical energy, which should increase the influence of the passing ions on the driven current. Furthermore, one could wonder if the presence of fast ions in the centre, absent in the early JET experiments, could have made a difference. In order to investigate these points a number of discharges were carried out where the minority concentration was scanned between 15
and 30%, with application of ICCD only.
There is another difference between the conditions in the early nineties and those today, the JET ICRF antennas were different. The JET A1 antennas used in the early nineties had two straps whereas the present A2 antennas have four. Thus, there is a difference in the spectra toroidal mode numbers launched by the antennas [19] . The current drive spectrum for the A1 antennas was significantly broader than it was for the A2 antennas. This could have some effect on for instance the deposition profile of the ICCD power, and could influence the driven currents. In order to investigate this possibility, the JET A2 antennas were operated with two straps only, the result is presented in the next section.
EXPERIMENTS ON THE ICCD PHYSICS
The first set of discharges presented here was aimed at strengthening the evidence for that the local current perturbation produced by the ICCD was responsible for the shortening of the sawteeth in is shown in Fig. 14 . Perhaps somewhat surprisingly the results indicate that at the 1.2 MeV level the number of fast hydrogen ions was almost the same in the two discharges. This suggests that despite the high minority concentration in #59067, energetic ions were generated which could have driven significant currents through finite orbit width effects and wave induced spatial transport. The reason for there being as many 1.2 MeV ions generated with 15% and 30% hydrogen concentration is, at least partly, related to the polarisation of the fast wave in the cyclotron resonance layer. In fact the ratio + − E E / at the exact cyclotron resonance increases significantly as the concentration increases, where + E is the left hand polarised component of the wave electric field (rotation in the same direction as the cyclotron motion of the ions) and − E is the right hand polarised one. To lowest order in the finite Larmor radius, it is the + E component that accelerates the resonation ions. However, the ions are also accelerated by the − E through a finite Larmor radius effect, which means that the interaction becomes more effective as the energy of the resonating ions increases. Consequently, in cases with a large + − E E / ratio, a tail with relatively few particles extending up to high energies can be created. A preliminary analysis with the PION code [22] indicates that this effect is at least partly responsible for the strong presence of hydrogen ions at the 1.2MeV level. Consequently, it could be argued that increasing the minority concentration is not the best way to probe the influence of the averaged energy of the resonating ions on sawteeth during ICCD. Another way of investigating this is to ramp the ICCD power. Such a test was carried out in two discharges with the same target plasma and with a ramp of the ICRF power up to 10MW. The hydrogen minority concentration was around 5%, and the H cyclotron resonance was adjusted to be close to the q = 1 surface in the equatorial plane on the high field side of the magnetic axis. The comparison of the sawtooth behaviour of the two discharges is shown in Fig. 15 . As can be seen, the sawteeth were kept short during the whole power ramp for -90 o ICCD, whereas the +90 o ICCD had a stabilising effect on the sawteeth.
Thus, the evidence of the power scan is consistent with that of the variation of the minority concentration: the averaged energy of the resonating ions does not appear to change the wave phasing that gives rise to stabilisation/destabilisation of the sawteeth during ICCD.
As mentioned previously, JET is now operating with the A2 antennas [19] whereas the A1 antennas were used for the experiments reported in Refs. [4, 5] . In order to test if the difference in the radiated toroidal mode number spectrum could have affected the influence of ICCD on sawteeth, the A2 antennas have been operated with only two of the four straps active. This should produce a broader toroidal mode number spectrum similar to that emitted by the A1 antennas. A comparison between three discharges is shown in Fig. 16 , two where carried out with only two of the four straps activated (Pulse No's: 59069 and 59071) whereas the third used all four straps (#59072). The ICCD power was 2.5 MW in the three cases and the major radius of the minority cyclotron resonance layer was close to the q = 1 surface on the high field side of the magnetic axis around t = 20
seconds. The results are consistent with the other recent discharges with ICCD: for a minority resonance on the high field side of the magnetic axis -90 o phasing (waves travelling opposite to the plasma current) has the potential to destabilise sawteeth whereas +90 o phasing tend to stabilise them. Thus, in spite of a considerable effort, it has not been possible to reproduce the results reported from the JET experiments with ICCD in the early nineties.
NUMERICAL SIMULATIONS
It is important to try to understand theoretically how ICCD affects the plasma and particularly the sawteeth, especially for predicting its effect if applied in future tokamaks. We have therefore carried out rather comprehensive simulations of the discharges which demonstrated the effectiveness of ICCD for shortening of fast ion induced long sawteeth. For this purpose we have used the SELFO code [16, 17] . This code combines the full wave code LION and the Monte Carlo code FIDO [25] . The latter solves a 3D orbit averaged Fokker-Planck equation [23] , which includes finite orbit width effects and wave induced spatial transport. Consequently, it takes into account the major effects discussed in section 3 that modifies the classical picture of ICCD. The SELFO code solves the ICRF wave field and the distribution function of the resonating ions self consistently. This is achieved by an iterative procedure where after each time step the distribution function calculated by the FIDO code is used to calculate the contributions of the resonating species (both hydrogen and deuterium during (H)D) to the dielectric tensor; the wave field is then re-calculated and the output is used in the FIDO code, which again re-calculates the dielectric tensor contributions. In order to obtain the total driven current from the fast ions currents calculated by the FIDO code, the formulas for including the bulk plasma drag current in Ref. [5] have been used. cases. This is expected since they are due to the finite orbit width of the trapped ions, as explained in section 3. On the other hand, there is a significant difference in the currents due to the passing ions. In the case of -90 o ICCD they resemble those one would obtain from the classical picture of Fisch [10] .
However, considering that the energy of the passing ions is well above the critical energy, the mechanism generating this current is most likely the de-trapping of wide banana orbits. Most importantly, the negative current driven by the passing ions at around ρ = 0.2 -0.3 reinforces that of the trapped ions, which is the crucial factor increasing the shear near the q = 1 surface in the simulation. In contrast, the less centrally peaked, and a non-negligible population of particles follow standard passing orbits belonging to region I. Nevertheless, it is clear that in both cases, the fast ion population is dominated by particles with orbits in the potato regime, i.e. one cannot expect the driven currents to conform to the classical theory for ICCD.
An important quantity to simulate is the energy density or pressure of the resonating fast ions.
In particular, it is important to try to complement the experimental evidence shown in Fig. 10 , which strongly suggests that any change of the fast ion pressure inside the q = 1 surface should have had little or no effect for the shortening of the sawteeth in the demonstration discharge #58934. This is supported by the simulated energy density profiles of the fast ions shown in 
CONCLUSIONS
Experiments at JET have, for the first time, shown that fast ion induced long sawteeth in a tokamak can be shortened by the application of ICCD with a resonance layer of the resonating species close to the intersection of the q = 1 surface with the equatorial plane. The application of ICCD should then drive a current (in most cases of a dipolar nature) near the q = 1 surface. The prime candidate for explaining the destabilisation of the sawteeth is therefore that the driven current increases the shear at the q = 1 surface, which should have a destabilising effect according to Ref. [3] . Prior to the experiments discussed here, the effect of ICCD on sawteeth had only been demonstrated in plasmas without a significant pressure of fast ions inside the q = 1 surface [4] [5] [6] [7] . An important task of the analysis presented in the present paper has been to strengthen the evidence suggesting that the local current perturbation was the critical factor for the shortening of the sawteeth. In particular, there were some concerns that parasitic absorption of the - The driven currents simulated by the SELFO code were found to be consistent with the experimental result. A significant negative driven current near the q = 1 surface was found to increase the magnetic shear at this surface by about a factor 2 for the discharge in which efficient shortening of the sawteeth took place. Thus, both the experimental evidence and the numerical simulations confirm that the increased shear at the q = 1 surface, due to the driven current perturbation, is the critical factor for shortening the sawtooth periods. This is an important finding since it generalises the result to any mechanism capable of driving a current perturbation of the same order as the ICCD in the JET experiments discussed here.
In view of the potential utility of ICCD for producing a local current perturbation, which can influence sawteeth, the physics of this process has been analysed in some detail. Since ICCD often produces a dipolar driven current on flux surfaces near the one intersecting the cyclotron resonance of the resonating species in the mid-plane, one should in principle be able to both increase and decrease the shear at the q = 1 surface by adjusting the distance between the cyclotron resonance of the resonating species and that surface. Thus, if the shear at the q = 1 surface was the only factor, one should be able to stabilise as well as destabilise sawteeth with any current drive phasing of the ICCD waves. Experimentally, on the other hand, it appears easier to destabilise sawteeth with a particular direction of propagation of the ICCD waves. In the case of an ICCD resonance on the high field side of the magnetic axis, it was reported from JET experiments in the early nineties that co-current propagating waves destabilised sawteeth [4, 5] . In contrast, the more recent experiments with ICCD [7, 9] , including the ones discussed in this paper, show that counter current propagating waves can destabilise sawteeth for high magnetic field side resonances. In order to investigate this difference a number of experiments have been carried out. In most of the more recent applications of ICCD, the concentration of resonating minority ions was lower than in the experiments of the early nineties. Another difference concerned the toroidal mode number spectrum of the radiated waves, it was broader for the two strap A1 antennas used at JET in the early nineties than the for the current four strap A2 antennas. Consequently, experiments with a concentration scan and others where only two of the four straps in the A2 antennas were powered were carried out. No differences in the main effect of the ICCD on the sawtooth behaviour were seen in those experiments. Thus, the recent experimental observations of the effect of ICCD on sawteeth consistently shows that for hydrogen minority ICCD with a cyclotron resonance on the high field side of the magnetic axis, counter current propagation waves can destabilise sawteeth whereas co-current propagating waves tend to stabilise the sawteeth. In this context it should be noted that the direction of propagation of the waves is well established with the A2 antennas due to the additional information obtained from observations of ICRF induced transport in the presence of directed waves [13, 14] , similar information is not available for discharges with the A1 antennas. The behaviour of the recent experiments with ICCD is consistent with the theoretical considerations of section 3 and the numerical simulations in section 5. In particular, in order to destabilise sawteeth it is probably important to use a scheme which minimises the contribution of the ICCD accelerated fast ions to the fast ion pressure inside the q = 1 surface. Otherwise some of the benefit of increasing the shear for criterion (a) in Eq. (1) may be cancelled by the increased fast ion pressure. In view of the effect of the inward transport of trapped resonating ions associated with co-current propagating waves, it is perhaps not surprising that it is difficult to destabilise with such waves, i.e. with +90 o phasing. Furthermore, the simulated current perturbation for -90 o ICCD is such that when the hydrogen minority resonance is made to approach the intersection of the q = 1 surface with the mid-plane from outside, the first effect is to increase the magnetic shear at that surface. Consequently, the contribution of ICCD accelerated ions to the fast ion pressure in minimised, an effect reinforced by the outward transport of resonating trapped ions in the presence of counter current propagating waves. Thus, it appears natural that counter current waves, i.e. -90 o phasing of the present JET antennas, is the most efficient scheme for destabilising sawteeth using ICCD with a hydrogen minority resonance on the high field side of the magnetic axis.
In a reactor the presence of fast alpha particles could induce long sawtooth periods. The associated crashes could have unwanted effects. For instance they could produce seed islands for neoclassical tearing modes. Consequently, it might be important to have a capacity to shorten fast ion induced long sawteeth. The experimental results from JET and the numerical simulations presented in this paper provide strong evidence that this can be achieved by increasing the shear at the q = 1 surface.
Several methods for driving the required current perturbation exist, e.g. Electron Cyclotron Current Drive (ECCD) or ICCD. The effectiveness of ICCD for ITER has recently been assessed [26] .
Minority ICCD for ITER with the foreseen ICRF system would require the introduction of a small amount of resonating 3 He ions (their cyclotron frequency coincides with that of second harmonic tritium). However, according to the findings in Ref. [26] , this scenario is not very efficient for generating current in ITER. An interesting result of the study in Ref. [26] , is that despite having resonating ions with typical energies in the region of the critical velocity, the driven currents do not conform very well to the classical model; in particular for ICCD with co-current propagating waves.
The study of Ref. [26] also indicates that the use H minority ICCD in ITER would produce a useful current perturbation. However, the frequencies of the planned ICRF system are not compatible with this scenario at present. As an alternative to ICCD, the required current perturbation for sawtooth 
